Human discs large (hDlg) protein binds to protein 4.1R via a motif encoded by an alternatively spliced exon located between the SH3 and the C-terminal guanylate kinase-like domains. To evaluate the functional significance of protein 4.1R binding for subcellular localization of hDlg in vivo, we expressed full-length recombinant constructs of two naturally occurring isoforms of hDlg termed hDlg-I 2 and hDlg-I 3 . The hDlg-I 3 but not the hDlg-I 2 isoform binds to the FERM (Four.1-Ezrin-Radixin-Moesin) domain of protein 4.1R in vitro. Upon transient transfection into subconfluent MadineDarby canine kidney (MDCK) epithelial cells, the hDlg-I 3 fused with the green fluorescent protein accumulated predominantly at the plasma membrane of cellcell contact sites, whereas the hDlg-I 2 fusion protein distributed in the cytoplasm. In contrast, in stably transfected confluent MDCK cells, both hDlg-I 2 and -I 3 isoforms localized efficiently to the lateral membrane, consistent with the previous notion that the N-terminal domain of hDlg mediates its membrane targeting in polarized epithelial cells. We introduced a double mutation (I38A/I40A) into the N-terminal domain of hDlg, which disrupted its interaction with DLG2, a key event in the membrane targeting of hDlg. Interestingly, the hDlg-I 2 isoform harboring the I38A/I40A mutation mislocalized from the membrane into cytoplasm. Importantly, the hDlg-I 3 isoform with the same mutation localized efficiently to the membrane of confluent MDCK cells. Together, our results demonstrate that in addition to the N-terminal targeting domain, the alternatively spliced I 3 insertion plays a critical role in recruiting hDlg to the lateral membrane in epithelial cells via its interaction with protein 4.1R.
Mutations in the Drosophila lethal (1) discs-large (dlg) tumor suppressor gene produce a neoplastic overgrowth phenotype in the imaginal discs, which give rise to adult epithelial structures and central nervous system (1) . Dlg is a multidomain scaffolding protein composed of three PSD-95-Discs large-ZO-1 (PDZ) 1 domains, an src homology 3 (SH3) domain, and a Cterminal guanylate kinase-like (GUK) domain (2, 3) . Dlg is a membrane-associated guanylate kinase homologue (MAGUK) and is required for controlling growth and polarity of epithelial cells (4, 5) as well as asymmetric cell division of neuroblasts (6, 7) . The human homologue of Dlg, termed hDlg, or its rat counterpart SAP97 is highly enriched in the epithelial cell-cell junction sites and is likely to play a role in epithelial polarity similar to that of its Drosophila counterpart (8, 9) . Alternative splicing in two regions within hDlg produces multiple isoforms (8, 10, 11) . Region 1, which is located within the N-terminal region, contains two alternatively spliced exons termed I 1A and I 1B , and region 2, located between the SH3 and GUK domains, contains four alternatively spliced exons named I 2 , I 3 , I 4 , and I 5 (11) . The region between the SH3 and GUK domains, corresponding to region 2, also termed the HOOK domain in Drosophila Dlg, is critical for efficient membrane targeting of Dlg in epithelial cells presumably by mediating protein-protein interactions with the membrane cytoskeleton (12) . The association of MAGUKs with the cortical actin cytoskeleton has been characterized previously using the erythroid p55 MAGUK, of which the HOOK domain binds to the FERM domain of protein 4.1R (13, 14) . The sequence of the p55 HOOK domain, including its characteristic cluster of basic amino acid residues, is conserved in a subset of MAGUKs (13) , and in the case of CASK (15, 16) and hDlg (8, 17) , a similar mode of protein 4.1 binding has been established. The protein 4.1 binding site of hDlg is encoded by an alternatively spliced exon termed I 3 (8, 17) , raising the possibility that alternative splicing creates hDlg isoforms with distinct functional properties.
Although previous attempts have been made to elucidate the contribution of protein 4.1 binding to the membrane targeting of hDlg/SAP97 in epithelial cells, the role of the I 3 insert remains controversial. Lue et al. (18) reported the presence of a second protein 4.1 binding site within the PDZ1 and -2 domains, and both the I 3 insert and the PDZ1-PDZ2 module were found to be sufficient for lateral membrane targeting of hDlg in permeabilized epithelial cells. However, using transient transfection of truncated cDNA constructs, Wu et al. (19) demonstrated that the N-terminal 1-65 amino acid segment of SAP97 contains the membrane-targeting signal and that the PDZ domains and the I 3 insert are neither necessary nor sufficient for membrane targeting. It was later discovered that the N-terminal domain of hDlg/SAP97, named the MRE (MAGUK recruitment) domain, binds to the L27 (Lin-2 Lin-7) domain (20) of CASK, and this interaction mediates the membrane targeting of hDlg/SAP97 in epithelial cells (21) . The MRE domain of hDlg/SAP97 also binds to DLG2 and DLG3, two MAGUK proteins closely related to CASK, in their conserved L27 domains (22) . MRE domains are found in the splice variants of Drosophila Dlg (23) and the mammalian PSD-95 (24) as well as in a non-MAGUK PDZ protein termed the PALS1-associated tight junction protein (PATJ) (25) , and these domains appear to play a fundamental role in the membrane targeting of scaffolding proteins. In summary, the precise role of the protein 4.1 binding region and HOOK domain in the membrane targeting of MAGUKs remains uncertain.
Another controversial issue pertains to the nuclear localization of hDlg. MAGUK proteins including CASK (26) and ZO-1 (27) are known to translocate to the nucleus and contribute to the transcriptional regulation of specific genes. In the case of hDlg, it has been shown that the truncated constructs of hDlg/ SAP97 spanning the SH3-HOOK-GUK domains tend to accumulate in the nuclei of transfected cells (19, 28) . In addition, the cluster of basic amino acid residues present in the I 3 insert is believed to function as a nuclear localization signal (28) . In contrast to this observation, the immunocytochemistry studies using I 2 -and I 3 -specific antibodies detected I 2 insert-specific antigen in the nucleus and I 3 insert-specific antigen in the plasma membrane, thus implicating the I 2 insert in the nuclear targeting function (11) .
Here, we have expressed two naturally occurring isoforms of hDlg as full-length polypeptides to elucidate the function of I 2 and I 3 inserts in vitro and in vivo. Under our experimental conditions, we did not observe any significant nuclear localization of either I 2 -or I 3 -containing isoforms of hDlg. Our data also indicate that the I 3 insert is the sole protein 4.1 binding site within hDlg, and in addition to the MRE domain, the I 3 insert is also sufficient for recruiting the full-length hDlg to the lateral membrane in polarized epithelial cells. These results implicate a fundamental role of the conserved HOOK domain of MAGUKs in mediating direct binding to the FERM domain of protein 4.1, thus regulating the membrane-targeting properties of the scaffolding complex in epithelial cells.
MATERIALS AND METHODS

Generation of Expression Constructs and Production of Recombinant
Proteins-Full-length hDlg cDNA clone hDlg-I 2 contains I 1A -I 1B -I 2 -I 5 , and the hDlg-I 3 construct contains I 1A -I 1B -I 3 -I 5 inserts. Both hDlg-I 2 and -I 3 clones carry KpnI and SpeI adapters in their 5Ј and 3Ј ends, respectively (8) , making them identical except for the I 2 and I 3 inserts. The GST-hDlg-I 2 and -I 3 constructs were produced by cloning the respective cDNAs into a modified pGEX2T vector (17) at KpnI and SpeI sites. The N-terminal half of DLG2 (1-221), which contains two L27 domains and a PDZ domain, was PCR-amplified from mouse DLG2 cDNA clone (GenBank TM /EBI accession number AF162685) with EcoRI adapters on both ends and cloned into the EcoRI site of pGEX2T plasmid. To generate the GFP-hDlg-I 2 and -I 3 constructs, the respective inserts were subcloned into pEGFP-C1 vector (Clontech) using KpnI and XbaI sites of the vector. The FERM domain of human protein 4.1R, which starts from the second ATG (nucleotide 801) in exon 4 to phenylalanine in exon 12 (nucleotide 1694), was PCR-amplified from the protein 4.1 cDNA (29) and cloned into pCITE-2a (Novagen) using EcoRI and NotI adapters.
Site-directed Mutagenesis-The double mutation (I38A/I40A) in the GFP-full-length hDlg constructs was introduced using the QuikChange site-directed mutagenesis kit (Stratagene). Primers used were 5Ј-GT-TCCATAGAACGGGTTGCTAACGCATTTCAGAGCAACCTC (sense) and 5Ј-GAGGTTGCTCTGAAATGCGTTAGCAACCCGTTCTATGGAAC (antisense).
In Vitro Protein 4.1 Binding Assay-The FERM domain of human protein 4.1R was expressed using the rabbit reticulocyte lysate in vitro transcription and translation system STP3 (Novagen) in the presence of [ 35 S]methionine (Amersham Biosciences). Binding of radiolabeled FERM domain to the GST fusion proteins was assessed by GST pulldown assay. After the completion of protein synthesis, lysate was diluted 10-fold in the binding buffer (phosphate-buffered saline with 1% Triton X-100), and the respective GST fusion proteins were added to each tube followed by incubation for 2 h at 4°C. Beads were recovered by centrifugation and washed, and bound radiolabeled protein was analyzed by SDS-PAGE. The gel was stained by Coomassie Blue and exposed to x-ray film for fluorography at Ϫ70°C.
DNA Transfection and Fluorescence Microscopy-MDCK cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. For immunofluorescence analysis of subconfluent MDCK cells, the MDCK cells were plated on glass coverslips 1 day before transfection to attain a density of ϳ40% at the time of transfection. Transient transfections were carried out using LipofectAMINE 2000 (Invitrogen). Twenty-four h after transfection, the cells were fixed with 4% paraformaldehyde for 10 min at room temperature, and the GFP signal was visualized by fluorescence microscopy. All the GFPpositive cells were counted and classified as M (membrane), C (cytosol), or M/C (membrane and cytosol) to distinguish the localization of GFPhDlg protein in transfected cells. Reported data were collected from two independent experiments. For analysis of confluent polarized MDCK cells, stably transfected MDCK cells expressing the GFP-hDlg proteins were generated. After the transfection, the cells were selected by treating with 0.6 mg/ml of G418 (Invitrogen) for more than 2 weeks. After the transfected cells reached confluency and polarized morphology, they were fixed and imaged by fluorescence microscopy. Each experiment was repeated three times with identical results.
GST Pulldown Assay-COS-7 cells were plated on 10-cm dishes and transiently transfected with respective GFP-hDlg expression plasmids. Cell lysates were prepared 30 h after transfection using the lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% Triton X-100, 1.0 mM phenylmethanesulfonyl fluoride). The GST-DLG2 (1-221) or control GST protein immobilized on glutathione-Sepharose 4B beads was added to the lysate and incubated overnight at 4°C. Beads were recovered by centrifugation and washed, and bound proteins were processed for Western blotting using our anti-hDlg monoclonal antibody (2D11).
RESULTS
The I 3 Insertion of hDlg Contains the Sole Binding Site for Protein 4.1R-
To assess the functional diversity of hDlg isoforms, we produced expression constructs of two naturally occurring full-length hDlg isoforms termed hDlg-I 2 and -I 3 (Fig.  1A) . Other than the alternatively spliced exon encoding I 2 and I 3 insertions in the HOOK region, these two constructs have identical domain composition and amino acid sequence. To our knowledge, this is the first comparison of the I 2 and I 3 inserts in the context of full-length hDlg polypeptides. Both hDlg isoforms were expressed in bacteria as GST fusion proteins and used for in vitro protein 4.1 binding using a GST pulldown assay. The 35 S-labeled FERM domain of protein 4.1R, which was expressed using the rabbit reticulocyte in vitro transcription-translation system, bound specifically to the GST-hDlg-I 3 beads but not to the GST-hDlg-I 2 or control GST beads (Fig.  1B) . This result is consistent with our previous finding that the I 3 insert is the only protein 4.1 binding site in hDlg (17) . However, our results do not support the presence of the second high affinity protein 4.1 binding site located within the PDZ1-PDZ2 conformational unit as suggested previously (18) .
I 3 Insertion Mediates Membrane Targeting of hDlg in Subconfluent Epithelial Cells-Next we examined whether the isoform-specific binding of hDlg to protein 4.1 affects the subcellular localization of hDlg in epithelial cells. Protein 4.1R concentrates at the lateral membrane of epithelial cells (30) , where the endogenous hDlg is also found (8, 9) . Therefore, by virtue of its binding to protein 4.1R, the I 3 insertion may provide a mechanism for the localization and stabilization of hDlg at the lateral plasma membrane. We transiently transfected GFP-fused hDlg-I 2 and -I 3 constructs in subconfluent MDCK cells, and GFP signal was observed by fluorescent microscopy after 24 h when cells were still subconfluent and did not display polarized morphology. The expression of the right size hDlg fusion proteins was confirmed by Western blot analysis in separate experiments (data not shown). We found that the GFP-hDlg-I 2 isoform distributed diffusely throughout the cytoplasm with no protein accumulation detectable at the plasma membrane ( Fig. 2A) . On the other hand, the GFPhDlg-I 3 protein accumulated significantly at the plasma membrane of cell-cell contact sites (Fig. 2B) . We introduced a semi-quantitative criterion to evaluate the efficiency of hDlg localization in transiently transfected MDCK cells. We counted transfected cells that showed either an exclusive membrane localization (designated as M) or cytoplasmic localization along with significant concentration of the signal at the plasma membrane (designated as M/C), or exclusive localization in the cytoplasm without any membrane signal (designated as C). For example, the I 2 -and I 3 -expressing cells shown in Fig. 2, A and B, are classified as C and M/C, respectively. The GFP signal was visualized 24 h after transfection of MDCK cells under subconfluent culture conditions. The results show that the GFP-hDlg-I 3 isoform is located predominantly at the plasma membrane with some signal detectable in the cytoplasm (Fig.  2C) . In contrast, the GFP-hDlg-I 2 isoform is found mostly in the cytoplasm. These observations suggest that the I 3 insertion plays an important role in mediating the targeting of hDlg to the plasma membrane during the formation of initial cell-cell contact sites by non-polarized epithelial cells. It is noteworthy here that the cytoplasmic GFP-hDlg-I 2 isoform partially migrates to the plasma membrane when transiently transfected MDCK cells are examined after 48 h post-transfection under conditions where the epithelial cells presumably begin to form mature cell-cell contact sites (data not shown).
Two Distinct Domains Are Responsible for Membrane Targeting of hDlg in Confluent MDCK Cells-To determine the subcellular localization of hDlg isoforms in MDCK cells under confluent culture conditions, we generated stable cell lines by selecting transfected cells using G418. When transfected cells became confluent and displayed polarized morphology, they were fixed, and the GFP signal was recorded. Under these conditions, both I 2 and I 3 isoforms of hDlg localized efficiently to the lateral membrane (Fig. 3, A and B) . This result suggests that an I 3 -independent targeting mechanism exists that mediates membrane targeting of hDlg in confluent MDCK cells and is consistent with previous reports demonstrating that the N-terminal MRE domain recruits hDlg/SAP97 to the plasma membrane of polarized epithelial cells (19, 21) .
Using isoform-specific polyclonal antibodies, it was recently shown that the I 2 isoform-specific antibodies detected hDlg in the nucleus, whereas the I 3 isoform-specific antibodies detected the signal at the lateral plasma membrane (11) . Occasionally, we have also observed the presence of hDlg isoforms in the nucleus (note the presence of GFP-hDlg-I 3 in one of the transfected cells shown in Fig. 2B ). However, the nuclear localization of hDlg was not isoform-specific under our experimental conditions. We therefore speculated that there might be an unidentified mechanism that specifically regulates the nuclear localization of hDlg protein in epithelial cells. While searching for potential nuclear targeting and/or nuclear export motifs in the hDlg coding sequence, we noticed a sequence, LRSSI-ERVINI 40 , which matches with the nuclear export signal (NES) consensus LX 2-3 LX 2-3 LXL, where L can also be either Val or Ile (Fig. 3E) (31, 32) . Interestingly, this putative NES motif is located within the N-terminal MRE domain of hDlg/ SAP97 that is reported to mediate the membrane targeting of hDlg/SAP97 in polarized epithelial cells (19, 21) . We hypothe- 1R was expressed using an in vitro translation system. The lysate was incubated with GST-hDlg-I 2 , GST-hDlg-I 3 , or GST protein bound to glutathione-Sepharose beads. The beads were washed extensively, and bound proteins were analyzed by SDS-PAGE and fluorography. Coomassie-stained gel shows a comparative amount of the GST fusion proteins used in the binding assay. Fluorography shows that the FERM domain of protein 4.1R binds specifically to the GST-hDlg-I 3 but not with the GST-hDlg-I 2 or GST proteins.
FIG. 2. Localization of GFP-hDlg isoforms in subconfluent MDCK epithelial cells.
The GFP-hDlg-I 2 and -I 3 were transiently transfected in MDCK cells. Cells were harvested 24 h after transfection, fixed, and examined by fluorescence microscopy for GFP signal. A, the GFP-hDlg-I 2 isoform is distributed diffusely in the cytoplasm without any enrichment at the plasma membrane. B, the GFP-hDlg-I 3 isoform accumulates at the plasma membrane particularly at sites where cells form contacts. C, semiquantification of GFP-hDlg distribution in MDCK cells. Based on the localization of the GFP signal, the GFPpositive cells were classified either as M (exclusive membrane localization at the cell-cell contact sites), M/C (significant membrane localization as well as cytoplasmic staining), or C (diffuse cytoplasmic staining without any accumulation at the membrane). Statistical data represent mean and standard deviation from two independent experiments with a minimum of 80 cells counted for each sample.
sized that this putative NES motif regulates the nuclear localization cycle of hDlg, and therefore its disruption might result in the accumulation of hDlg inside the nucleus. To test this hypothesis, we mutated two of the conserved isoleucines within the NES-like motif of hDlg to alanines (I38A/I40A), a design consistent with the published mutagenesis approach that disrupts the NES activity in other proteins (32) (33) (34) . The mutant hDlg isoforms were then tested for their localization in confluent MDCK cells. Contrary to our expectations, the I 2 and I 3 isoforms of hDlg carrying the double I38A/I40A mutation did not accumulate inside the nucleus (Fig. 3, C and D) . Interestingly, however, the I 2 isoform with the NES mutation almost completely lost its ability to localize to the lateral membrane and distributed diffusely in the cytoplasm (Fig. 3C) . Although the precise relationship between the cytoplasmic localization of hDlg and the function of its putative NES sequence is not yet clear, it is conceivable that the double mutation I38A/I40A unexpectedly disrupted a key protein-protein interaction(s). Indeed, the N-terminal MRE domain of hDlg is known to interact with the CASK family of MAGUKs, and this interaction is necessary for targeting of hDlg to the lateral membrane (21) . Importantly, the I 3 isoform of hDlg with the I38A/I40A mutation localized efficiently to the lateral membrane of MDCK cells (Fig. 3D) , suggesting that the I 3 insertion is sufficient for membrane targeting in the absence of a functional N-terminal MRE domain. Together, our results indicate that the I 3 insertion alone can mediate the membrane targeting of full-length hDlg in confluent epithelial cells.
Double Mutation I38A/I40A of hDlg Disrupts Its Interaction
with DLG2-To test whether the combined I38A/I40A mutation interferes with functional protein-protein interaction(s) of the MRE domain, we examined whether the I38A/I40A mutation of hDlg disrupts its interaction with the CASK family of proteins. The L27 domain is a conserved feature of the CASK subfamily of the MAGUKs, including the DLG2 and -3, which are known to interact with hDlg/SAP97 via a similar mechanism ( Fig. 4A) (22) . The N-terminal segment of human DLG2 (amino acids 1-221) containing two L27 domains and a PDZ domain was expressed as a GST fusion protein (Fig. 4B) , and its interaction with hDlg was measured by a GST pulldown assay. Consistent with a previous report (22) , the DLG2 specifically interacted with GFP-hDlg-I 2 expressed in the COS-7 cells (Fig. 4C, upper panel) . In contrast, the GFP-hDlg-I 2 (I38A/ I40A) mutant protein did not bind to DLG2 (Fig. 4C, upper  panel ). An identical result was obtained with the GFP-hDlg-I 3 (I38A/I40A) mutant protein (Fig. 4C, lower panel) . Together, these results demonstrate that the combined I38A/I40A mutation introduced in the N terminus of hDlg completely abrogates its interaction with the CASK family of MAGUKs. This fortuitous finding begins to offer a molecular framework for the membrane targeting of hDlg in polarized epithelial cells and underscores the importance of the I 3 insertion as an alternate membrane-targeting motif that functions independently of the N-terminal domain of hDlg in polarized epithelia. and GFP-hDlg-I 3 and the GFP-hDlg-I 3 mutant (I38A/I40A) (lower panel). The GST pulldown experiment was performed using GST-DLG2 (1-221) and control GST proteins immobilized to beads. Bound hDlg proteins were resolved by SDS-PAGE, transferred to the nitrocellulose membrane, and detected by Western blotting using the anti-hDlg monoclonal 2D11. Input represents 4% of each lysate used for the pulldown experiment.
DISCUSSION
The data presented in this manuscript provide evidence for the following. (1) Alternatively spliced I 3 insert in the HOOK region is the sole protein 4.1 binding site in hDlg; (2) the I 3 insert mediates recruitment of hDlg to the plasma membrane at an early stage of cell-cell contact formation in subconfluent epithelial cells; and (3) the I 3 insert is sufficient to recruit hDlg to the lateral membrane in polarized epithelial cells by a mechanism that is independent of the membrane-targeting function of the N-terminal MRE domain. These results are summarized in Fig. 5 . Alternative splicing produces the I 2 and I 3 hDlg isoforms that are believed to encode distinct functions. At the initial stage of cell contact formation, only the I 3 isoform is recruited to the membrane, presumably via its interaction with protein 4.1R. At the later stages when epithelial cells become polarized and form mature junctional structures, both isoforms of hDlg are recruited to the lateral membrane via an interaction with their N-terminal MRE domain to CASK or related family members. The I 3 insert alone is also sufficient to recruit hDlg to the lateral membrane, and this additional binding site might contribute to the formation of a higher order scaffolding complex in the mature cell junctions.
It is relevant to emphasize here that our experiments utilized the full-length naturally occurring isoforms of hDlg, which is in contrast to the use of truncated constructs or individual domains used by others to assess their subcellular distribution in epithelial cells (18, 19) . MAGUK proteins are multidomain proteins and participate in various intramolecular domain interactions that contribute to the protein stability and regulate their function as effective scaffolding molecules (35, 36) . Therefore, there is a possibility that the truncation of any domain could unexpectedly disrupt one of these intramolecular interactions and lead to an artifactual mislocalization of the expressed protein in heterologous cells. Furthermore, it has been proposed that the targeting of Drosophila Dlg to the synaptic membrane involves a stepwise contribution of various domains in a sequential manner (37) . Guided by these observations, it is perhaps more prudent to utilize full-length hDlg polypeptides that are capable of participating in all proteinprotein interactions at various stages of intracellular transport and targeting processes. Indeed, our recent demonstration of a direct interaction between GAKIN (guanylate kinase domainassociated kinesin) and the GUK domain of hDlg (38, 39) further underscores the importance of the full-length protein in the intracellular transport of hDlg and its associated partners to correct cellular destinations in mammalian cells.
A previous study has shown that the truncated constructs spanning the C-terminal segment of hDlg/SAP97 tend to accumulate in the nuclear compartment (19) . Based on this observation, we initially surmised that the N terminus of hDlg might contain a functional NES motif that prevents the accumulation of full-length hDlg in the nucleus. In fact, the presence of a functional NES motif in the N terminus of hDlg would be akin to the case of APC (adenomatous polyposis coli) tumor suppressor protein, where the nuclear localization is dynamically regulated by the CRM1-dependent nuclear export system utilizing the NES motifs (33, 34) . However, under our experimental conditions, the disruption of the putative NES motif in the N terminus of hDlg did not result in the accumulation of hDlg mutants in the nucleus. One possible explanation of our observation is that the NES-like motif in hDlg does not function as an active nuclear export signal under these experimental conditions. Contrary to the previous reports that have assigned the I 3 (28) and I 2 (11) inserts as potential nuclear targeting motifs, we could not detect any significant nuclear localization of hDlg isoforms either with or without the double mutation in the putative NES (I38A/I40A) consensus. Therefore, the authenticity of the nuclear localization signal and the possible function of hDlg in the nucleus remain a topic of future investigation.
Our results confirm the importance of the N-terminal MRE domain for membrane targeting of hDlg in polarized epithelial cells (21) , and this targeting is known to be mediated through its binding to the CASK or other related MAGUKs such as DLG2 (22) . An unexpected finding, however, was our observation that the combined mutation I38A/I40A of hDlg disrupted the DLG2 binding and the MRE domain-dependent membrane targeting of hDlg in epithelial cells. Similar point mutations of conserved hydrophobic residues in the L27 domains are known to disrupt specific protein-protein interactions (22, 40) . The mutant hDlg constructs used in our study are likely to serve as useful experimental tools for elucidating the mode of interactions between the MRE domain and its binding partners and providing a biochemical rationale for future structural studies of this conserved protein domain. In addition, the N-terminal segment of hDlg is known to self-associate into homo-oligomers (41), binds tyrosine kinase Lck (42), a motor protein myosin VI (43) , and appears to contain multiple protein-protein interaction motifs that facilitate the scaffolding function(s) of hDlg in vivo. The availability of full-length hDlg constructs carrying a combined mutation in the N-terminal MRE domain would permit testing of the role of this domain in a myriad of hDlg functions.
A notable feature among p55, CASK, and the I 3 sequence of hDlg is the conserved cluster of basic amino acid residues (13, 15, 17) . However, the crystal structure of the FERM domain of protein 4.1R did not reveal any specific pocket of acidic residues within the binding interface of p55 (44) . In addition, the VAM1/ Pals2 protein displays a similar patch of basic residues in the HOOK domain but failed to interact with protein 4.1R in vitro (45) . Clearly, more studies are needed to define the precise residues within the HOOK domain that mediate its binding to the FERM domain of protein 4.1R and govern the specificity of binding between various HOOK and FERM domains. In conclusion, our results suggest an important function of the protein 4.1R binding domain in the membrane-targeting events likely to be widely conserved among various MAGUKs.
